The chemokine receptor CXCR3-B initiates inhibitory signals. Results: CXCR3-B-mediated signal induced apoptosis and inhibited autophagy of breast cancer cells. It is associated with nuclear translocation of Bach-1, nuclear export of Nrf2, and down-regulation of HO-1. Conclusion: A CXCR3-B-mediated signal promotes apoptosis of breast cancer cells. Significance: Induction of CXCR3-B-mediated signaling can serve as a novel therapeutic approach for the treatment of breast cancer.
Chemokines and their receptors play diverse roles in regulating cancer growth and progression. The receptor CXCR3 can have two splice variants with opposite functions. CXCR3-A promotes cell growth, whereas CXCR3-B mediates growth-inhibitory signals. However, the negative signals through CXCR3-B in cancer cells are not well characterized. In this study, we found that CXCR3-B-mediated signaling in MCF-7 and T47D breast cancer cells induced apoptotic cell death. Signals through CXCR3-B decreased the levels of the antiapoptotic proteins Bcl-2 and Bcl-xL and increased the expression of apoptotic cleaved poly(ADP-ribose) polymerase. Along with up-regulation in apoptosis, CXCR3-B signals were associated with a decrease in cellular autophagy with reduced levels of the autophagic markers Beclin-1 and LC3B. Notably, CXCR3-B down-regulated the expression of the cytoprotective and antiapoptotic molecule heme oxygenase-1 (HO-1) at the transcriptional level. There was an increased nuclear localization of Bach-1 and nuclear export of Nrf2, which are important negative and positive transcription factors, respectively, for HO-1 expression. We also observed that CXCR3-B promoted the activation of p38 MAPK and the inhibition of ERK-1/2. CXCR3-B could not induce cancer cell apoptosis at the optimal level when we either inhibited p38 activity or knocked down Bach-1. Further, CXCR3-B-induced apoptosis was down-regulated when we overexpressed HO-1. Together, our data suggest that CXCR3-B mediates a growth-inhibitory signal in breast cancer cells through the modulations of nuclear translocation of Bach-1 and Nrf2 and down-regulation of HO-1. We suggest that the induction of CXCR3-B-mediated signaling can serve as a novel therapeutic approach where the goal is to promote tumor cell apoptosis.
Chemokines and their receptors play key roles in chemotaxis, primarily regulating the migration of leukocytes to the site of inflammation and secondary lymphoid organs (1, 2) . However, recent studies clearly suggest that both chemokines and chemokine receptors are expressed in tumor cells and the cells of tumor microenvironment and that they play a critical role in tumor growth, progression, and metastasis (3) (4) (5) (6) (7) (8) .
CXCR3 belongs to the CXC chemokine receptor subfamily and is classically expressed by T cells and natural killer cells (9) . CXCR3 promotes the regulation of leukocyte trafficking through interaction with its ligands CXCL9, CXCL10, and CXCL11 (10) . Interestingly, CXCR3 is also expressed by tumor cells, including skin, ovary, renal, and breast cancer cells (5, 6, 8, 11, 12) . It has been shown that an alternate splicing of CXCR3 generates at least two splice variants, CXCR3-A and CXCR3-B, with completely opposite functions (10, 11, 13) . The ligands CXCL9, CXCL10, and CXCL11 bind to both the splice variants, whereas CXCL4 is a specific ligand for CXCR3-B. Upon activation, each of the splice variants mediates different intracellular signaling events and exhibits distinct biological functions (10, 13, 14) . CXCR3-A signaling promotes cell proliferation and chemotaxis, whereas CXCR3-B mediates negative signals for growth inhibition. It has been demonstrated that cellular signaling via CXCR3-A results in increased calcium influx and that CXCR3-B mediates the increase in intracellular cyclic AMP levels. In addition, CXCR3-A-and CXCR3-B-mediated signaling can be associated with different G protein coupling.
Although the expression of CXCR3 is increased in different types of tumors, recent studies have revealed that the growthpromoting CXCR3-A is up-regulated and that the growth-inhibitory CXCR3-B is markedly down-regulated in cancer cells and tissues (15, 16) . We have demonstrated previously that the activation of oncogenic ras promotes the down-regulation of CXCR3-B in human breast cancer cells, and we suggested that, in the absence/low presence of CXCR3-B, the overexpressed ligand CXCL10 can induce cancer cell proliferation, possibly through CXCR3-A (11). We have also shown that the overex-pression of CXCR3-B in renal cancer cells can restrict tumor cell growth through the down-regulation of cytoprotective molecules (17) . Gacci et al. (18) demonstrated that the expression of CXCR3-B is possibly correlated with tumor necrosis. However, the detailed mechanism(s) of CXCR3-B-mediated negative signals in cancer cells and how they are linked to the regulations of specific transcription factor(s) is not well defined.
The transcription factor Bach-1 functions as a repressor of the enhancers of stress-inducible genes, like heme oxygenase 1 (HO-1), by forming heterodimers with the small Maf proteins (19, 20) . The expression of HO-1 can be tightly controlled by the positive regulator nuclear factor E2-related factor 2 (Nrf2) and the negative regulator Bach-1 (19, 21) . The HO-1 gene has two important distal enhancer regions, E1 and E2, located upstream of the transcription start site (21, 22) . The inducible enhancers of HO-1 carry multiple stress-responsive elements that are closely related to Maf recognition elements. The heterodimers of Nrf2 and small Maf proteins activate HO-1 through binding to Maf recognition elements. In contrast, the heterodimers of Bach1 and small Maf proteins (like MafK) repress transcription (20, 23) . Depending on a specific type of signal(s), there is either an enhanced nuclear accumulation or nuclear exclusion of Bach1 and Nrf2 to regulate gene expression.
HO-1 is a cytoprotective enzyme that degrades heme into carbon monoxide (CO), biliverdin, and ferrous iron. It classically functions to maintain cellular homeostasis under stress conditions (24) . The byproducts of heme degradation play a crucial role in reducing cellular inflammation and apoptosis and inducing cell proliferation and angiogenesis (24, 25) . Despite its cytoprotective properties, recent evidence clearly suggests a critical role of HO-1 in promoting cancer (26, 29) . HO-1 and its positive regulator, Nrf2, are overexpressed in different types of cancer and can play a significant role in the survival of tumor cells by regulating prosurvival and antiapoptotic pathways (27, 28) .
In this study, we show that CXCR3-B mediates a growthinhibitory signal in human breast cancer cells through the down-regulation of antiapoptotic HO-1. It is associated with decreasedphosphorylationofERK-1/2andincreasedphosphor-ylation of p38 MAPK. In addition, CXCR3-B-induced signals promote increased nuclear translocation of Bach-1 and nuclear export of Nrf2.
EXPERIMENTAL PROCEDURES
Reagents-Gene-specific siRNAs for CXCR3-B along with control siRNA were purchased from Invitrogen. Bach-1 siRNA was purchased from Qiagen. Cells were transfected with siRNA using Lipofectamine 2000 (Invitrogen). The recombinant CXCL4 was purchased from R&D Systems. SB203580 was obtained from Calbiochem. Cobalt protoporphyrine was purchased from Frontier Scientific. The plasmid DNAs were transfected using Effectene transfection reagent (Qiagen).
Cell Lines-Human breast cancer cell lines (MCF-7 and T47D) and primary mammary epithelial cells were obtained from the ATCC. Cancer cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum (Invitrogen). Normal epithelial cells were grown in mammary epithelial cell basal medium supplemented with growth factors (ATCC).
Plasmids-The CXCR3-B overexpression plasmid (pcDNA3-CXCR3-B) was a gift from P. Romagnani (University of Florence, Italy) (13) . The pCMV-HO-1 plasmid was used to overexpress human HO-1 (29) . The human HO-1 promoterluciferase plasmid was a gift from J. Alam (Alton Ochsner Medical Foundation, New Orleans, LA). The plasmid phHO4luc was constructed by cloning the human HO-1 promoter sequence (bp Ϫ4067 to ϩ70 relative to the transcription start site) into the luciferase reporter gene vector pSKluc (27) .
RNA Isolation and Real-time PCR-Total RNA was prepared using the RNeasy isolation kit (Qiagen), and cDNA was synthesized using a cloned avian myeloblastosis virus (AMV) firststrand synthesis kit (Invitrogen) . To analyze mRNA expression, we performed real-time PCR using the Assay-on-Demand Gene Expression product (TaqMan, mammalian gene collection probes) according to the instructions of the manufacturer (Applied Biosystems). As an internal control, GAPDH mRNA was amplified and analyzed under identical conditions. Genespecific primer-probe sets were obtained from Applied Biosystems. The Ct value (the cycle number at which emitted fluorescence exceeded an automatically determined threshold) for the gene of interest was corrected by the Ct value for GAPDH and expressed as ⌬Ct. The fold change of the mRNA amount was calculated as follows: (fold changes) ϭ 2 X (where X ϭ ⌬Ct for the control group Ϫ ⌬Ct for the experimental group).
Luciferase Assays-Breast cancer cells (0.5 ϫ 10 5 ) were cotransfected with the HO-1 promoter-luciferase plasmid and the CXCR3-B overexpression plasmid. The cells were then treated with CXCL4/vehicle alone as described. The cells were harvested 48 h after transfection, and luciferase activity was quantified using a standard assay kit (Promega) in a luminometer. As an internal control for transfection efficiency, the cells were cotransfected with the ␤-galactosidase gene under the control of the cytomegalovirus immediate early promoter, and ␤-galactosidase activity was measured by a standard assay system (Promega). Luciferase activity values were corrected for the transfection efficiency by calculating the ratio of luciferase units to ␤-galactosidase units and represented as relative luciferase counts.
Western Blot Analysis-Protein samples were run on SDSpolyacrylamide gel and transferred to a polyvinylidene difluoride membrane (Millipore Corp.). The membranes were incubated with anti-HO-1 (R&D Systems); anti-CXCR3-B (Proteintech); anti-Nrf2, anti-Bach-1, and anti-Sp1 (Santa Cruz Biotechnology); anti-p38, anti-phospho-p38, anti-ERK-1/2, anti-phospho-ERK-1/2, anti-Bcl-xL, anti-Bcl-2, and anti-poly(ADP-ribose) polymerase (Cell Signaling); or anti-Beclin-1, anti-LC3B, anti-␤-Actin, and anti-GAPDH (Sigma-Aldrich) and subsequently incubated with peroxidase-linked secondary antibody. Reactive bands were detected using chemiluminescent substrate (Pierce).
Preparation of Nuclear Extracts-Nuclear extracts were prepared from the cells using a nuclear extraction kit (Active Motif). Following treatment, cells were collected in PBS in the presence of phosphatase inhibitors. The cells were resuspended in hypotonic buffer (supplied with the kit) and incubated on ice for 15 min. Cytoplasmic fractions were collected after adding detergent (supplied with the kit) and centrifuging the cells. The nuclear pellets were resuspended in complete lysis buffer and incubated on ice for 30 min. The nuclear fractions were collected by centrifuging the cells for 10 min.
Cell Proliferation Assay-Cell proliferation was measured by MTT 2 cell proliferation assay (ATCC) following the protocol of the manufacturer. Briefly, cells were plated in 96-well plates. Following transfection/ligand treatment, 10 l of MTT reagent was added to each well. When purple crystals of formazan became clearly visible under the microscope, 100 l of detergent reagent was added, and the cells were incubated in the dark for 4 h. Absorbance was measured at 570 nm and corrected against blanks, which consisted of culture medium processed in the same way as above in the absence of cells. The reading at 570 nm is directly proportional to cell proliferation (number of viable cells).
Apoptosis Assay-Cellular apoptosis was measured by annexin V and propidium iodide staining using an allophycocyanin (APC) annexin V apoptosis detection kit (eBioscience) according to the protocol of the manufacturer. Briefly, 0.5 ϫ 10 5 cells were seeded into each well of a 6-well plate and treated as described. For the assay, the cells were trypsinized, washed with PBS and 1ϫ binding buffer, and then resuspended in the binding buffer at a concentration of 1-2 ϫ 10 6 cells/ml. 5 l of APC-conjugated annexin V was added to 100 l of the cell suspension and incubated at room temperature for 15 min. The cells were washed and resuspended in 200 l of binding buffer. 5 l of propidium iodide was added to the cells, and the cells were analyzed by flow cytometry on a FACSCalibur. 
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Autophagy Assay-Cellular autophagy was monitored using a Cyto-ID autophagy detection kit (Enzo Life Sciences) following the protocol of the manufacturer. The 488-nm excitable Cyto-ID green autophagy detection reagent supplied with the kit becomes brightly fluorescent in vesicles produced during autophagy and, thus, serves as a convenient tool to detect autophagy at a cellular level. Following treatment, the cells were trypsinized, washed in PBS, and resuspended in 2000ϫ dilution of the detection reagent. After 30 min of incubation at 37°C, the cells were washed and analyzed by flow cytometry. Another group of Cyto-ID stained cells were mixed with Prolong Gold (Invitrogen) at a 1:1 ratio, allowed to settle for 5 min on a glass slide, and then sealed with a coverslip and visualized using a Zeiss epifluorescence microscope with appropriate filters. Nuclei were counterstained in blue with Hoechst 33342 dye.
Detection of Reactive Oxygen Species (ROS)-Cellular ROS were measured using a total ROS detection kit (Enzo Life Sciences). This kit is designed to directly monitor real-time ROS production in live cells using flow cytometry. The kit includes an oxidative stress detection reagent (green) as the major component. This non-fluorescent, cell-permeable, total ROS detection dye reacts directly with a wide range of reactive species, yielding a green fluorescent product indicative of cellular production of ROS.
Statistical Analysis-Statistical significance was determined by Student's t test. Differences with p Ͻ 0.05 were considered statistically significant.
RESULTS

Induction of CXCR3-B-medited Signaling Promotes Apoptosis and Inhibits Autophagy of Breast Cancer Cells-We
observed that the expression of CXCR3-B is much lower in breast cancer cells compared with normal breast epithelial cells (Fig. 1A, top left panel) . To examine the effect of CXCR3-Bmediated signaling in regulating the cell death pathways of human breast cancer cells (MCF-7 and T47D), we made use of a specific CXCR3-B overexpression plasmid. We first confirmed that the transfection of breast cancer cells with the CXCR3-B plasmid significantly overexpressed the gene at both the mRNA and protein level (Fig. 1A , top right and bottom panels). We then checked the effect of CXCR3-B-induced signal on the apoptotic regulation of breast cancer cells. Cells were transfected with either the CXCR3-B plasmid or an empty vector and then treated with either the CXCR3-B-specific ligand CXCL4 or vehicle alone. Following treatment, the cells were stained with annexin V and propidium iodide and analyzed by flow cytometry to check the apoptotic index. As shown in Fig.  1B (top panels) , the transfection with CXCR3-B in MCF-7 cells increased cellular apoptosis compared with vector-transfected cells. The percentage of total apoptotic cells (early and late) increased from 2.01% (1.53 ϩ 0.48%) to 16.64% (4.76 ϩ 11.88%). We suggest that CXCR3-B interacts in an autocrine manner with CXCR3-binding ligands that are overexpressed in cancer cells (11, 16 ) and, thus, generates an apoptotic signal. Next, we FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6
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treated the CXCR3-B-transfected cells with its specific ligand, CXCL4, using the same concentration (250 ng/ml) as in our previous study (11) . As shown in Fig. 1B , CXCL4 treatment markedly increased cellular apoptosis compared with vectortransfected and vehicle-treated cells. The percentage of total apoptotic cells (early and late) increased from 2.75% (1.76 ϩ 0.99%) to 24.16% (9.17 ϩ 14.99%). We found a similar result in T47D cells (data not shown). Similar results were obtained with the lower concentrations (50 -100 ng/ml) of CXCL4 (supplemental Fig. 1A) . The induction of CXCR3-B-mediated signaling in normal breast epithelial cells also induced apoptosis (supplemental Fig. 1B ). In addition, we observed that CXCR3-B-mediated signaling significantly inhibited breast cancer cell proliferation compared with vector-transfected cells, as observed by MTT assay (Fig. 1C) .
Next, we evaluated how CXCR3-B can modulate the expression of apoptotic and antiapoptotic molecules in breast cancer cells. MCF-7 cells were transfected with the CXCR3-B plasmid/ empty vector and then treated with either CXCL4 or vehicle alone. As shown in Fig. 1D , the CXCR3-B-mediated signal (both in the absence or presence of CXCL4) increased the expression of apoptotic cleaved poly(ADP-ribose) polymerase. CXCR3-B also decreased the expression of antiapoptotic Bcl-2 and Bcl-xL compared with vector-transfected cells.
It has been shown that the process of autophagy (type II cell death) can be induced to promote the survival of breast tumor cells under hypoxic or nutrient-deprived condition (30, 31) . Here we tested whether a CXCR3-B-mediated signal can alter autophagy in breast cancer cells. The cells were transfected with either the CXCR3-B plasmid or an empty vector and then treated with CXCL4. Following treatment, the cells were stained with Cyto-ID green autophagy detection reagent and analyzed by flow cytometry. As shown in Fig. 1E (left panel) , in both MCF-7 and T47D cells (data not shown), the CXCR3-B-CXCL4-mediated signal markedly inhibited cellular autophagy, as observed by the left-hand shift of the histogram. We analyzed the morphology of these cells under a fluorescence microscope. We found that the overexpression of CXCR3-B is associated with a decrease in the intensity of green autophagic vesicles representing the punctate structures (Fig. 1E, center panel) . We also confirmed by Western blot analysis that CXCR3-B downregulated the expression of the autophagic proteins Beclin-1 and LC3B-II (Fig. 1E, right panel) . Together, our findings clearly suggest that CXCR3-B can mediate a novel growth-inhibitory signal in breast cancer cells to promote apoptosis and down-regulate autophagy.
Knockdown of CXCR3-B Promotes the Survival and Proliferation of Breast Cancer Cells-As mentioned earlier, CXCR3-B is expressed at moderate to low levels in breast cancer cells. We utilized CXCR3-B-specific siRNA to knock down the gene and confirm the role of CXCR3-B in regulating the apoptosis and proliferation of breast cancer cells. We first checked that the siRNA significantly knocked down CXCR3-B at both the mRNA and protein levels ( Fig. 2A) . As shown in Fig. 2B , the knockdown of CXCR3-B markedly decreased cellular apoptosis compared with control cells. The total apoptotic cells (early and late) decreased from 3.29% (1.05 ϩ 2.24%) to 1.41% (0.38 ϩ 1.03%). We also found that CXCR3-B knockdown increased breast cancer cell proliferation compared with control cells (Fig. 2C) .
CXCR3-B-mediated Signaling Down-regulates the Expression of Antiapoptotic HO-1-We have demonstrated that HO-1 can promote survival of cancer cells through the inhibition of apoptosis (29).
Here, we examined whether CXCR3-B can regulate HO-1 expression in breast cancer cells. MCF-7 cells were transfected with either the CXCR3-B plasmid or an empty vector and then treated with CXCL4/vehicle alone. We found that the CXCR3-B-mediated signal (both in the absence or presence of CXCL4) significantly down-regulated HO-1 expression at both the mRNA and protein levels compared with control cells, as observed by real-time PCR and Western blot analysis (Fig. 3, A  and B) . We also confirmed that siRNA-mediated knockdown of CXCR3-B increased HO-1 protein expression (Fig. 3C) . Finally, by using the HO-1 promoter-luciferase plasmid construct, we observed that the CXCR3-B-mediated signal down-regulated HO-1 promoter activity, as observed by luciferase assay (Fig.  3D) .
CXCR3-B Regulates the Expression of Bach-1 and Nrf2-
The transcription of HO-1 is tightly controlled by the negative regulator Bach-1 and the positive regulator Nrf2 (21, 32). Because we found that the CXCR3-B-mediated signal regulates HO-1 expression, we wished to study whether CXCR3-B can modulate the expression of Bach-1 and Nrf2. We evaluated whether CXCR3-B can mediate any change in nuclear versus cytoplasmic localization of Bach-1 and Nrf2. To this end, breast cancer cells were transfected with either the CXCR3-B plasmid or an empty vector, and then nuclear and cytoplasmic fractions were isolated. The expression of Bach-1 and Nrf2 was measured by Western blot analysis. As shown in Fig-4A (left panel) , the overexpression of CXCR3-B markedly increased Bach-1 and decreased Nrf2 expression in the nuclear fraction compared with the vector-transfected control. On the other hand, CXCR3-B overexpression decreased Bach-1 and increased Nrf2 expression in the cytoplasmic fraction (Fig. 4A, right  panel) . We also confirmed our findings through the knockdown of CXCR3-B using siRNA. As shown in Fig. 4B (left   panel) , the knockdown of CXCR3-B decreased Bach-1 and increased Nrf2 expression in the nuclear fractions compared with controls. In contrast, CXCR3-B knockdown increased Bach-1 and decreased Nrf2 expression in the cytoplasmic fractions (Fig. 4B, right panel) . We found that there was no significant change in the expression of Bach-1 and Nrf2 total protein following CXCR3-B overexpression (data not shown). Together, our findings suggest that the CXCR3-B-mediated signal can induce nuclear translocation of Bach-1 and nuclear export of Nrf2, which can be associated with the down-regulation of HO-1 transcription.
The CXCR3-B-mediated Signal Activates p38 MAPK and Inhibits ERK-1/2 Phosphorylation-We and others have shown that the activation of Nrf2 and Bach-1 can be regulated by the members of the MAPK family, which can promote both the positive and negative signal (19, 21, 27, 32) . Because we observed that the CXCR3-B-mediated signal regulates the expression of Nrf2 and Bach-1, we wished to check whether CXCR3-B can modulate the activation of ERK-1/2 and p38 MAPK. The breast cancer cells were transfected with either the CXCR3-B plasmid or an empty vector, and the cells were treated with CXCL4. Following treatment, the phosphorylation statuses of p38 and ERK-1/2 were measured by Western blot analysis. As shown in Fig. 5A , the CXCR3-B-mediated signal increased the phosphorylation of p38 MAPK and decreased the phosphorylation of ERK-1/2. There was no change in the expression of total p38 and total ERK-1/2. We also confirmed FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6 our findings by using CXCR3-B siRNA. As shown in Fig. 5B , the knockdown of CXCR3-B markedly decreased p38 phosphorylation and increased ERK-1/2 phosphorylation. In addition, we found that, when we blocked p38 activity by treating the cells with a specific pharmacological inhibitor (SB203580), CXCR3-B-induced nuclear translocation of Bach-1 was markedly down-regulated (Fig. 5C ). However, there was no significant change (data not shown) in CXCR3-B-mediated nuclear export of Nrf2 following p38 inhibition. Thus, we suggest that the CXCR3-B-mediated negative signal may involve the activation of p38 and inactivation of ERK-1/2.
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Next, we examined whether the inhibition of p38 MAPK can decrease the apoptotic effect of CXCR3-B. MCF-7 cells were transfected with the CXCR3-B plasmid/empty vector and then treated with either the p38 inhibitor SB203580 or vehicle alone. Following treatment, the cells were stained with annexin V and propidium iodide and analyzed by flow cytometry to check the apoptotic index. As shown in Fig. 5D, CXCR3 -B markedly increased cellular apoptosis in vehicle-treated cells. The total apoptotic cells (early and late) increased from 2.78% (0.99 ϩ 1.79%) to 22.03% (7.93 ϩ 14.1%). However, CXCR3-B could not induce apoptosis up to a similar level in cells treated with p38 inhibitor. The total of apoptotic cells increased from 2.79% to only 13.88% (5.28 ϩ 8.60%). Thus, the activation of p38 MAPK can play an important role in mediating CXCR3-B-induced growth-inhibitory signaling in breast cancer cells.
Knockdown of Bach-1 Down-regulates the Growth-inhibitory Functions of CXCR3-B-Our findings indicate that CXCR3-B
can induce the nuclear translocation of Bach-1, which is known to negatively regulate HO-1. Here, we tested the effects of Bach-1 knockdown on growth-inhibitory functions of CXCR3-B. We first confirmed that the transfection of breast cancer cells with Bach-1 siRNA significantly decreased the expression of Bach-1 and increased HO-1 (Fig. 6A) . To study the role of Bach-1 on CXCR3-B-mediated breast cancer cell proliferation and apoptosis, we first transfected MCF-7 cells with either Bach-1 siRNA or control siRNA. Following siRNA transfection, the cells were transfected with either CXCR3-B or an empty vector. Cells were then subjected to cell proliferation and apoptosis assays as described before. We found that CXCR3-B decreased cancer cell proliferation in control cells. However, following knockdown of Bach-1, CXCR3-B could not down-regulate cell , cells were lysed, and a Western blot analysis was performed to measure the expression levels of phospho-p38, phopsho-ERK1/2 (p-ERK), total p38, total ERK1/2, and ␤-actin. C and D, MCF-7 cells were transfected with either the CXCR3-B overexpression plasmid (0.5 g) or the empty vector and then treated with either SB203580 (25 M) or vehicle alone for 48 h. C, nuclear and cytoplasmic fractions were isolated from these cells, and a Western blot analysis was performed to quantitate the expression of Bach-1. D, the apoptotic index of the cells was determined by annexin V (APC) and propidium iodide staining. A-D, results are representative of three independent experiments. proliferation up to a similar level as that observed in control cells (Fig. 6B) . Similarly, we observed that CXCR3-B markedly increased cellular apoptosis in control cells. The total apoptotic cells (early and late) increased from 9.19% (4.06 ϩ 5.13%) to 21.3% (10.3 ϩ 11.0%) (Fig. 6C) . However, following knockdown of Bach-1, it could not promote apoptosis up to a similar level as that observed in control cells. The total apoptotic cells increased from 9.19% to only 11.0% (4.22 ϩ 6.78%). Thus, our observations suggest that Bach-1 is one of the critical mediators for CXCR3-B-induced growth-inhibitory functions.
Overexpression of HO-1 Down-regulates the Growth-inhibitory Functions of CXCR3-B-
As discussed, Bach-1 negatively regulates antiapoptotic HO-1 (19), and we found that the CXCR3-B-mediated signal activates Bach-1 and inhibits HO-1. Here, we evaluated how the growth-inhibitory functions of CXCR3-B can be altered if we overexpress HO-1 in cancer cells. We transfected breast cancer cells with the CXCR3-B plasmid in the absence or presence of the HO-1 overexpression plasmid. As shown in Fig. 7A, CXCR3 -B increased the apoptosis of breast cancer cells. The total apoptotic cells (early and late) increased from 1.56% (0.54 ϩ 1.02%) to 15.29% (3.09 ϩ 12.2%). However, in the presence of overexpressed HO-1, CXCR3-B could not induce apoptosis up to a similar level as that observed in control cells. The total apoptotic cells increased from 1.56% to 10.83% (1.71 ϩ 9.12%). The overexpression of HO-1 was confirmed by Western blot analysis (Fig. 7A, right panel) . As an alternate approach, we also treated the cells with cobalt protoporphyrine, which is a known inducer of HO-1. We found that, following cobalt protoporphyrine treatment, there was also a down-regulation of CXCR3-B-mediated apoptosis of breast cancer cells (Fig. 7B) . We also observed that, in the presence of overexpressed HO-1, CXCR3-B could not decrease cancer cell proliferation up to a similar level as that observed in control cells (Fig. 7C) .
It is known that the generation of increased ROS can promote cellular apoptosis (33) . Here, we checked whether CXCR3-B can modulate the level of ROS in breast cancer cells and whether it can be altered in the presence of HO-1. We measured the cellular ROS using a total ROS detection kit. As shown in Fig. 7D , CXCR3-B increased cellular ROS compared with control cells.
However, in the presence of overexpressed HO-1, CXCR3-B could not increase cellular ROS up to a similar level. Together, our observations clearly suggest that CXCR3-B can mediate a novel growth-inhibitory signal, which involves modulation in the expression of antiapoptotic HO-1.
DISCUSSION
The mechanism(s) by which the chemokine receptor CXCR3-B can mediate novel growth-inhibitory signals in cancer cells is not well defined. In this study, we show that CXCR3-B-mediated signaling in human breast cancer cells promotes cellular apoptosis through the down-regulation of antiapoptotic HO-1. It is associated with an increased nuclear translocation of Bach-1 and nuclear export of Nrf2, which are critical positive and negative regulators of HO-1 transcription. We also demonstrate that CXCR3-B mediates the inactivation of ERK-1/2 and promotes increased phosphorylation of p38 MAPK.
The chemokine receptor CXCR3 is expressed on immune cells and also in different types of cancer cells, including renal and breast cancer cells (5, 6, 8, 11, 12) . Classically, the tumor infiltration of CXCR3-positive immune cells can promote antitumor immunity. However, it has now been established that CXCR3 and its ligands may play important roles in the development and progression of human tumors by facilitating the migration and proliferation of malignant cells (3, 8, 12) . Interestingly, as discussed earlier, the two splice variants of CXCR3 (CXCR3-A and CXCR3-B) can have completely opposite functions in terms of regulating tumor progression versus tumor inhibition (11, 16) . It has been shown that CXCR3-B can mediate novel negative signal(s) for growth inhibition (13) . There are some reports regarding CXCR3-B-mediated antitumorigenic functions. However, the nature of CXCR3-B-mediated signals in cancer cells has not yet been thoroughly explored. Wu et al. (15) have shown that the aberrant expression of CXCR3-A and down-regulation of CXCR3-B may promote the metastasis of prostate tumors by stimulating cell migration and invasion. We have demonstrated previously that the expression of CXCR3-B is markedly down-regulated in tumor tissues (16) and that the activation of the Ras-Raf pathway can inhibit the expression of CXCR3-B in breast cancer cells (11) . The down-regulation CXCR3-B may also be associated with a shift in the splice variant. However, we found that, following either the overexpression or the knockdown of CXCR3-B in breast cancer cells, there was no significant change (data not shown) in the expression of CXCR3-A. We suggest that the down-regulation of CXCR3-Bmediated negative signals may become advantageous for the survival of tumors. In absence/low presence of CXCR3-B, the CXCR3-binding ligands (like CXCL10) may promote a rapid growth of cancer cells, possibly through CXCR3-A.
The apoptotic mechanism(s) of tumor cells often become(s) defective and favors tumor growth. We have demonstrated recently that the antiapoptotic HO-1 is up-regulated in tumor cells and can play a major role in cancer cell survival (27, 29) . Here we found that the activation of CXCR3-B-mediated signaling promotes apoptosis and inhibits proliferation of breast cancer cells and that the expression of HO-1 is significantly down-regulated following CXCR3-B stimulation. Recent studies clearly suggest that, along with apoptosis, the process of autophagy can also play a crucial role in regulating tumor growth (30, 31) . Under nutrient-deficient condition, autophagy can promote tumor growth through the recycling of essential nutrients. We have observed that the CXCR3-B-mediated signal down-regulates autophagy in breast cancer cells. It has been established that there can be a reverse correlation in the regulation of apoptosis and autophagy (34) , which is clearly supportive to our findings. In addition, it has been demonstrated that autophagy can delay apoptotic death in MCF-7 cells (35) . Thus, CXCR3-B can promote breast cancer cell death through the regulation of both apoptosis and autophagy, where apoptosis is induced and autophagy is inhibited.
The transcription of HO-1 can be tightly controlled by both positive and negative regulators (19, 21, 32) . Here, we found that the CXCR3-B-mediated signal promotes the nuclear translocation of Bach-1, which is a negative regulator of HO-1. It is also associated with nuclear export of Nrf2, a positive regulator of HO-1 expression. Thus, it appears that CXCR3-B inhibits HO-1 transcription through the modulation of nuclear Bach-1 and Nrf2. We have demonstrated recently that the activation of ERK-1/2 in cancer cells plays a major role in the nuclear translocation of Nrf2 (27) . In addition, it has been suggested that ERK-1/2 is required to inactivate Bach-1 (20) . Our data suggest that CXCR3-B may promote nuclear translocation of Bach-1 and nuclear export of Nrf2 through the inactivation of ERK-1/2. We also observed that the CXCR3-B-induced signal in breast cancer cells promotes increased phosphorylation of p38 MAPK. In support of our finding, Petrai et al. (36) demonstrated that the activation of p38 can mediate the angiostatic effects of CXCR3-B. Also, it has been shown that p38 can promote apoptosis through the activation of Bad and inhibition of ERK-1/2 (37). Further, cells lacking p38␣ have been shown to be more resistant to apoptosis induced by different stimuli (38) , and this is associated with increased nuclear accumulation of Nrf2 and its binding to the HO-1 promoter (39) . In this study, we observed that, when the breast cancer cells were pretreated with a p38 MAPK pharmacological inhibitor (SB203580), CXCR3-B-induced cellular apoptosis is much reduced compared with control cells. We suggest that CXCR3-B may regulate a critical balance for the activation statuses of ERK-1/2 and p38 MAPK to mediate cancer cell apoptosis through the modulation of HO-1 expression. In support of our findings, Deng et al. (33) have shown that the treatment of MCF-7 cells with rotenone, an inhibitor of the mitochondrial electron transport chain, can cause the activation of p38 MAPK and the inactivation of ERK-1/2.
In conclusion, we suggest that that CXCR3-B can mediate novel signal(s) to promote growth inhibition and apoptosis of cancer cells. It modulates the activation of p38 MAPK and ERK- FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6
CXCR3-B Mediates a Growth-inhibitory Signal in Cancer Cells
JOURNAL OF BIOLOGICAL CHEMISTRY 3135
1/2 and is associated with increased nuclear translocation of Bach-1 and nuclear export of Nrf2, which leads to the decreased expression of antiapoptotic HO-1 as represented in the schematic in Fig. 8 . Together, the induction of CXCR3-B-mediated signaling can serve as a novel therapeutic approach for the treatment of cancer where the goal is to promote tumor cell apoptosis.
